Introduction {#Sec1}
============

Among the people living in temperate regions of the world, those who are of Sub-Saharan-African ancestry (Blacks) tend to possess bone of greater mineral density (if expressed as g/cm^2^) compared with those of European Ancestry (Whites) \[[@CR1]--[@CR3]\]. Skin color is the obvious difference between Blacks and Whites. Melanin determines skin color, and melanin blocks the ultraviolet light that generates vitamin D in the skin. To generate the same amount of vitamin D, Blacks require up to six times more UVB light energy (acquired through either duration or intensity of light) than do Whites \[[@CR4], [@CR5]\]. In temperate regions, despite their lower serum 25-hydroxyvitamin D (25(OH)D), Blacks generally have higher bone mineral density (BMD) and higher parathyroid hormone (PTH) than Whites \[[@CR2]\]. This is generally referred to as the vitamin D paradox, and in addition to more volumetric bone quantity in Blacks \[[@CR6]\], the paradox includes lower incidence of falls, fractures, and osteopenia compared with Whites \[[@CR7]--[@CR9]\].

Since it was so common to find lower serum 25(OH)D in Blacks, there has been a tendency to think this was normal for them. Powe et al. attributed the vitamin D paradox to lower serum levels of vitamin D--binding protein in Blacks compared with Whites and concluded that despite lower total 25(OH)D, the free, bioavailable 25(OH)D was similar in Blacks and Whites \[[@CR10]\]. However, subsequent reports have shown that the results of Powe et al. were probably an artifact of the assay used for vitamin D--binding protein, which underestimated the polymorphisms of vitamin D--binding protein that are more common in Blacks \[[@CR11]\]. Subsequent reports showed that vitamin D--binding protein levels and the proportion of serum 25(OH)D that is bioavailable are not different between American Blacks and Whites. Without supplemental vitamin D, American Blacks do indeed have both lower total and free serum 25(OH)D than Whites \[[@CR7], [@CR12]\].

Some have suggested that Blacks are more likely to be lactose intolerant, and that therefore, they have long adapted to a lower calcium requirement. However, lactose tolerance and high dairy intake correlate with agro-pastoral life of population subgroups, and it is not inherently specific to higher latitude or European ancestry \[[@CR13]\]. Tolerance for lactose in milk does not distinguish Blacks from Whites; therefore, lactose intolerance does not explain the vitamin D paradox either.

The teleological perspective, that it is normal for Blacks to require less vitamin D, implies that the biology of human populations living in sub-Saharan Africa somehow anticipated an eventual need to accommodate to lower 25(OH)D levels compared with Whites living in the north. But tropical environments have always provided consistent and substantial vitamin D--generating ultraviolet light, for which the skin color of Blacks is, and was appropriately suited \[[@CR14], [@CR15]\]. Highly credible data on traditionally living Africans provide a reasonable estimate of the vitamin D nutritional status of early humans. The average 25(OH)D levels of early humans exceeded 100 nmol/L (\> 40 ng/mL) \[[@CR16], [@CR17]\]. Those values are not unreasonable, given that they agree with published 25(OH)D concentrations in healthy non-human primates \[[@CR18]\]. Such ancestral levels of vitamin D nutrition are approximately double the 25(OH)D levels reported for modern societies in North America and Europe today. For groups of people in the sun-rich environment of the tropics, there was no mechanistic reason as to why natural selection could have favored a lower requirement for vitamin D and calcium than those humans who migrated north into Europe.

A recent conference sponsored by the US Department of Health was convened to review the pertinent information on the paradox in the hope of developing insights that might improve musculoskeletal health in all populations \[[@CR8]\]. The Institute of Medicine's 2011 dietary guidelines for vitamin D and calcium were quoted as a premise, "...emerging evidence would suggest that there is perhaps a lower requirement for calcium and vitamin D among African Americans relative to ensuring bone health, at least compared with whites." \[[@CR19]\]. That statement begs the question: Why would people whose ancestors migrated northward to Europe thousands of years ago have ended up actually needing more calcium and vitamin D than those who remained in the tropics? The appropriate way to develop an answer to the question is to consider the science through a progression that is forward through time, from the perspective of evolutionary biology and anthropology.

Previous attempts to understand the vitamin D paradox have never addressed evolution or anthropology. I contend that more-northerly-suitable human phenotypes must have provided the advantage of making Whites more "fit" for a relatively ultraviolet-and-vitamin D-deficient environment. The hypothesis developed here is, that the health of the pelvis during reproductive years is the key to understanding why the vitamin D paradox exists.

From the perspective of evolution, it is not helpful to ask, "Why are Black people different from Whites?" A more appropriate approach to understanding differences between Blacks and Whites is to start with the question, "What advantage might there have been for the human populations that migrated out of Africa towards temperate climates to select for bones that---at least in the context of older adults---are of poorer quality?"

Natural selection {#Sec2}
=================

It is genetic makeup that determines the phenotype, and it is natural selection that eventually maximizes the fitness of phenotype to the environment. Like all primates, humans are a species whose biology is best suited to inhabit the tropical latitudes where our species originated \[[@CR18]\]. The fitness of a species for an environment is achieved through evolution. The process of evolution involves two components: first, genetic variation; second, natural selection. Genetic variation arises in species because of the accumulation of random imperfections that occur during the replication of genes. Those imperfections can be due to chemicals, radiation, or errors during the copying of genes, such as rearrangement or deletion or insertion of a single nucleotide or of nucleotide sequences. The overall assembly of genes within a species is referred to as a gene pool. Distinct differences in any specific gene from among individuals are referred to as alleles. Alleles may or may not alter the protein encoded by a gene. But as the number of alleles proliferates, the gene pool expands, to the point where some alleles of certain genes may affect an aspect of the phenotype of individuals, and potentially offer certain individuals a specific survival advantage (fitness) over other individuals who do not possess those alleles in their genome.

Natural selection is the process by which those individuals of a species who possess genes that confer greater fitness for their environment survive to the point of having offspring. "Fitness", in the context of natural selection, pertains to the ability to produce more offspring that are viable to the extent that they will likewise give birth to offspring of their own. Natural selection increases the proportion of a population that exhibits a genetic makeup more fit for an environment. Aside from the indirect nurturing role of grandmothering \[[@CR20]\], there is no direct mechanism for natural selection beyond the years of childbearing and parenting. Therefore, risk of osteoporosis in older adults cannot have played a meaningful role in natural selection among people migrating northward \[[@CR21]\].

The original color of the skin of the human species is black, type 6 skin, because *Homo sapiens* first appeared in Sub-Saharan, tropical Africa and where that remains the predominant skin type. As human populations migrated away from the equator, both northward and southward, skin color lightened progressively with distance from the equator \[[@CR22]\]. This was not evolution in the full sense of the word, because a diverse gene pool had already existed among those persons migrating out of Africa tens of millennia ago. From that pool, genes were selected that maximized fitness---the ability to give birth and to grow healthy offspring. Random mutation continued to affect the gene pools of all human sub-populations, both in sub-Saharan Africa and among those who migrated toward the Arctic.

Away from the tropics, natural selection enriched the gene pool of northward sub-populations with those traits most fit for survival in temperate latitudes. The most widely accepted explanation for how humans accommodated for the progressively diminishing amounts of vitamin D--generating ultraviolet light is referred to as the vitamin D hypothesis, less duration and intensity of ultraviolet light resulted in less vitamin D production in the skin and thereby lower levels of circulating 25(OH)D, the main index of vitamin D nutritional status. With diminished vitamin D nutrition there was impaired absorption of calcium from the diet, because lack of 25(OH)D as substrate limits the ability to synthesize the vitamin D--derived hormone, 1,25-dihydroxyvitamin D (1,25(OH)2D) that increases efficiency of calcium absorption from food. Together, the lack of vitamin D and lack of absorbed calcium resulted in osteoid that was not completely mineralized in infants and children \[[@CR18], [@CR23]\]. Moreover, 1,25(OH)2D improves the skeletal microarchitecture of bone via a direct mechanism, independent of its function to improve intestinal absorption of calcium \[[@CR24]\].

During adolescence, vitamin D intake has site-specific associations with bone mineral density, particularly at the pelvis and spine \[[@CR25]\]. It has been shown in a double-blind randomized controlled clinical trial, that in girls, supplementation with 2000 IU/day of vitamin D increases not only bone mineral density but also improves the structural geometry of the hip \[[@CR26]--[@CR28]\].

Pregnancy and the pelvis {#Sec3}
========================

Rickets can misshape a girl's pelvis to a fatal degree \[[@CR29]\], and a healthy pelvis was the determining feature that drove natural selection among human populations as they migrated into temperate latitudes (Fig. [1](#Fig1){ref-type="fig"}). Without rickets to drive selection for lighter skin color, the entire human population would almost certainly have remained deeply pigmented, with type 5 or 6 skin \[[@CR14]\].Fig. 1Drawing of the pelvis of a healthy adult female (left) compared with a photograph of the pelvis of a woman with untreated rickets and osteomalacia (right) published by Maxwell et al. \[[@CR30]\] (with permission)**.** Both views are top-down. Natural child-birth was not possible with the narrow, misshapen pelvis at the right that illustrates an extreme example of cephalopelvic disproportion

The growing pelvis is a far more complex bony structure than are the long bones or the vertebrae. The pelvis comprises seven centers of primary ossification that are mineralized by age 9 years. However that stage is followed by a series of secondary chondrification and ossification events that are not completed until about 35 years of age \[[@CR31]\]. Most of the volume of the pelvic bone consists of trabecular bone that is sandwiched between thin shells of cortical bone. The structural, "sandwich behavior" of pelvic cortical bone means that this cortical bone carries a stress load that is fifty-fold bigger than pelvic trabecular bone inside it \[[@CR32]\]. There are 21 different muscles that attach to the pelvic bone, and those convey additional support and strength for the pelvis \[[@CR32]\]. Since vitamin D deficiency causes proximal muscle myopathy \[[@CR28]\], it is reasonable to postulate that vitamin D deficiency--related muscle weakness around the pelvis can add to the stress forces that can deform pelvic bone, and together with unmineralized osteoid, vitamin D--related myopathy may contribute to risk of cephalopelvic disproportion.

I have not been able to find any reports describing the biomechanics of the rachitic or osteomalacic pelvis. Published research about the pelvis has been directed at understanding pelvic fractures due to impacts or at understanding the pelvis to optimize the quality of hip replacements \[[@CR33]\]. What we do know relates to the structure of the normal pelvis. The limited biomechanical data about the pelvis focus on the forces related to standing and walking \[[@CR32]\] or for use in designing hip prostheses. No biomechanical analyses have been directed at the forces of the sitting positions that probably impose the kinds of forces that could diminish the width of the pelvic opening. Future research to test the present pelvic hypothesis for the vitamin D paradox could involve finite element analysis of pelvic bone modeling, with adjustments made for defects related to areas unmineralized osteoid of rickets and osteomalacia.

If rickets develops in adolescents, the long bones may appear to be normal, but radiologic examination of the pelvis will reveal excessive osteoid that is treatable if vitamin D is available \[[@CR34]\]. If rickets or osteomalacia continue through pregnancy, then deformation of the pelvis becomes progressively worse with each pregnancy and lactation, due to the mineral demands of the growing fetus and infant \[[@CR35]\]. Recent epidemiological data from the USA are consistent with this, in that Black women (but not White women) develop a progressively higher risk for cesarean delivery with each pregnancy \[[@CR36]\] (Table [1](#Tab1){ref-type="table"}).Table 1Risk of cesarean birth and features of bone and mineral metabolism for people of European ancestry (Whites) as compared with people of sub-Saharan African ancestry (Blacks)Cesarean birth risk  •White women in the USA are at lower risk of cesarean delivery, after correcting for sociodemographic confounders \[[@CR36]--[@CR40]\]  •White women have no increased risk of cesarean delivery with multiple pregnancies, while risk of cesarean delivery increases with multiple pregnancies in Black women \[[@CR36]\]  •White women have a wider pelvis in relation to stature height \[[@CR41]\]Osteoporosis risk  •White women have lower bone mineral density (BMD) based on cross-sectional area (g/cm^2^) \[[@CR1]--[@CR3]\]  •White men have lower BMD (g/cm^2^) for the whole body, tibia, hip, and femoral neck \[[@CR42]\]  •White children have less tibial cortical bone density (g/cm^3^) strength despite having higher levels of bone-promoting factors of physical activity, dietary calcium intake, and serum 25(OH)D concentrations \[[@CR43]\]  •Before puberty, vertebral trabecular number, thickness, and true **BMD** (volumetric, g/cm^3^) do not differ by race or gender. Racial differences emerge during puberty when male and female Blacks increase BMD from 250 to 260 mg/cm3 in Tanner stage 1 to 330--340 40 mg/cm^3.^. In contrast, male and female Whites increase BMD by half that amount, from 250 to 260 mg/cm3 in Tanner stage 1 to 290--300 mg/cm^3^ \[[@CR6], [@CR44]\].  •White women have longer hip axis length \[[@CR45]\]  •White men and women have less favorable bone microarchitecture. By young adulthood, their bone exhibits diminished plate-like morphology and less trabecular axial alignment \[[@CR46]\] .  •White men have smaller bones with thinner cortices and less bending strength than Black men. \[[@CR42]\]  •White men and women have weaker trabeculae and, in males, less bone quantity, and poorer bone quality. \[[@CR47]\]  •White women have faster mineral apposition rate in iliac biopsy \[[@CR48]\]  •Whites have higher levels of markers of bone turnover (osteocalcin, CTx,OHPro, BAP) \[[@CR49]\]  •Whites have lower PTH \[[@CR2], [@CR49]\]  •Whites have greater skeletal response to PTH \[[@CR49]\]  •Whites have lower levels of 1,25(OH)2D \[[@CR49]\]  •Whites have a faster rate of bone loss \[[@CR49]\]

Research into osteoporosis has focused on the vertebrae and long bones. But ironically, the iliac crest is the classic site for bone biopsy. Ethical reasons preclude comparative sampling from other bone sites in humans, so it may not be reasonable to assume that histology of the pelvis is representative of all cortical and trabecular bones throughout the body. Most of what we know about the relationship between vitamin D nutritional status and unmineralized osteoid in a normal population comes from the work of Priemel et al. who obtained blood samples and biopsied iliac crest from hundreds of victims of accidental deaths in Germany \[[@CR50]\]. They showed a steady decline in pelvic osteoid---improved mineralization---as serum 25(OH)D levels increased toward 75 nmol/L. Beyond 75 nmol/L, there was virtually no evidence of unmineralized osteoid. These data by Priemel et al. were highlighted by the Institutes of Medicine in their latest assessment of dietary requirements for calcium and vitamin D \[[@CR19]\]. But oddly, the evidence pertaining to the pelvis was ignored when it came to the final recommendation for vitamin D \[[@CR51], [@CR52]\]. If the findings of Priemel et al. are true, then risk of unmineralized osteoid extends well into the range of serum 25(OH)D recommended by the Institutes of Medicine, 50--125 nmol/L, with risk particularly high if dietary calcium is limited.

Through the natural course of pregnancy, serum 25(OH)D levels are far higher in Black women who live a traditional lifestyle consistent with that of early humans in Sub-Saharan Africa, than are the 25(OH)D levels of White women who live in Europe or North America. Luxwolda et al. reported serum 25(OH)D through pregnancy in five East African ethnic groups: Maasai, Hadzabe, Same Sengerema, and Ukerewe. The most striking observation was that despite no supplemental vitamin D, their serum 25(OH)D increased during the second and third trimesters of pregnancy, with concentrations averaging 150 nmol/L \[[@CR16]\]. Among African women living in their tropical environment, without a vitamin D supplement, the sharp increase in serum 25(OH)D attains double the serum levels typically seen among White women in North America and Europe, where 25(OH)D levels actually trend downward during pregnancy \[[@CR53], [@CR54]\]. If women in sub-Saharan Africa had extremely high vitamin D nutrition, as seen from our present perspective, there must surely have been selection pressure to adapt northwardly migrating populations to somehow accommodate to lower amounts of ultraviolet light--derived vitamin D.

Skin color is the obvious adaptation to accommodate to diminishing ultraviolet light; however, there are many qualitative differences in muscuskeletal features between Black and Caucasian adults, different bone densities, different microstructure, different rates of bone formation and different rates of osteoporosis (Table [1](#Tab1){ref-type="table"}). Another likely adaptation is the comparatively wider pelvis of Arctic and European populations, compared with those of southern latitudes \[[@CR41]\]. A wider pelvis is a more robust phenotype, allowing for some osteomalacic deformation of the pelvis while lowering the risk of cephalopelvic disproportion. Although the preceding are plausible features that may prevent cephalopelvic disproportion, they do not explain the cause of the differences in osteoporosis risk between Blacks and Whites.

Bone fibril strength {#Sec4}
====================

What survival advantage might there be to the diminished quantity and quality of adult bone in northern populations? The answer must surely have something to do with the "fitness" in the sense of the phenotypes that maximize the number of viable births. The quality of bone in the adult is secondary to the characteristics of bone that minimize the risk of rickets and osteomalacia. I contend that natural selection would have increased prevalence of those phenotypes that prevented deformation of the pelvis of a growing girl or young woman (Fig. [1](#Fig1){ref-type="fig"}).

Features of White bone evident from Table [1](#Tab1){ref-type="table"}, such as less bone quantity \[[@CR1], [@CR42], [@CR43], [@CR47], [@CR48]\] and faster mineralization of osteoid \[[@CR48]\] serve as advantages that prevent pelvic deformation. This is because less bone growth through the initial step of matrix formation requires less calcium to mineralize it fully, making for more efficient use of the calcium that is available. Proper mineralization is important for bone strength at both the microfibril as well as at the nanofibrillar levels \[[@CR55]\]. Recent research has characterized the biomechanical strength of rachitic bone in the hypophosphatemic mouse model, compared with the normal bone of wild-type mice \[[@CR56]\]. Karunaratne et al. studied the functional link between altered bone quality (reduced mineralization) and abnormal fibrillar-level mechanics using real-time synchrotron X-ray nanomechanical imaging. They demonstrated a nanostructural mechanism in which incompletely mineralized fibrils of rachitic mice are more extensible and less stiff, i.e., exhibiting greater strain and bendability. "It is clear that the unmineralized or partially mineralized fibrils will exhibit a much larger strain than the fully mineralized fibril for the same force." \[[@CR56]\]. Similarly, Dardenne et al. demonstrated severely impaired biomechanics of unmineralized long bone from rachitic and osteomalacic mice, and showed that correction of the vitamin D deficiency caused a rapid improvement in bone stiffness toward normal \[[@CR57]\]. Earlier work by Turner et al. showed that the osteomalacia caused by excessive fluoride intake in rats coincided with diminished bone strength as assessed by the three-point--bending test \[[@CR58]\]. In the macroscopic context, what we know from animal studies is that incompletely mineralized bone is weaker, and much more flexible.

If these findings are taken in the context of the human pelvis, we know that incompletely mineralized bone will bend. If left untreated, this will result in severe pelvic deformation, to the point that natural childbirth is impossible \[[@CR30]\] (Fig. [1](#Fig1){ref-type="fig"}). Pregnancy and breastfeeding impose strong demands on the skeleton to supply calcium to the growing fetus and infant. With poor vitamin D and calcium nutrition, osteomalacia causes a progressive deformity of the pelvis with each pregnancy, progressively increasing risk of death in childbirth \[[@CR30], [@CR34]--[@CR36]\].

A key lesson, based on the laboratory-animal work, is that in terms of bone stiffness, it is better to have less bone, but bone which is fully mineralized, instead of more bone that contains too many regions of incompletely mineralized osteoid (Fig. [2a, b](#Fig2){ref-type="fig"}). Many of the distinguishing features of Whites are things that make for more efficient use of available calcium, because more rapid and more complete mineralization of osteoid improve stiffness of the pelvis, preventing its deformation, cephalopelvic disproportion, and death in childbirth.Fig. 2Illustrative images of biomechanical behavior of bone of Blacks (top) compared to Whites (bottom). The horizontal white rectangles represent long-bone samples, resting on solid blocks. The triangles represent a stressing force, whose magnitude is represented by the size of the triangle. **a** Thicker bone, but whose stiffness, or resistance to bending is diminished during growth, because of an inability to acquire sufficient calcium to the bone, leaving zones of unmineralized osteoid, represented by the circles. **b** Sample of thinner bone, but where osteoid is fully mineralized. With the smaller amount of total bone, less calcium is needed for the more complete mineralization that makes bone resistant to bending. Later in life, once all bone is suitably mineralized, **c** the thicker bone resists an amount of stress that causes **d** failure and fracture of the thinner bone

The pelvis is the most important bone in the context of the evolutionary fitness of the species. At the pelvis, less bone, but bone which was fully mineralized would have been superior to a situation with more bone, but where that bone contained unmineralized osteoid. The benefit for the species of a pelvis made up of stiffer bone, albeit with less total amount of bone, was a higher probability that infants could be delivered vaginally. However, the eventual consequence of less bone for the older adult would be lower bone mineral density and weaker bones (Fig. [2c, d](#Fig2){ref-type="fig"}). The mystery of the vitamin D paradox may lie in the paradox that some of the adaptations that prevented deformation of the pelvis in Whites also resulted in matured skeletal bone that is of lesser quantity and quality. Adaptation to less vitamin D involved a more rapid mineralization of bone along with less bone accrual; these things optimized stiffness of pelvic bone to accommodate for limited availability of calcium absorbed from diet.

Bone density in the modern context {#Sec5}
==================================

The perspective presented here predicts that compared with Whites at identical margins of low calcium and low vitamin D nutrition, Black children would be more likely to develop rickets, while Black women during their childbearing years would be more prone to osteomalacia. Given the same restricted calcium and vitamin D nutrition, Black and White women can possess the same total amount of mineralized bone. However, because of their larger total volume of bone, Blacks at the margins of low calcium and low vitamin D would be expected to have a lower mineral content per unit volume of bone. Dual energy X-ray absorptiometry (DEXA) which measures amount of mineral per cross-sectional area of bone exposed to it (g/cm^2^) cannot distinguish between osteoporosis and the osteomalacia that contributes to bone bendability. Likewise, volumetric bone density based on computed tomography (g/cm^3^) has not been capable of distinguishing impaired mineralization from porosity. However, newer micro-CT technology is becoming capable of estimating matrix mineral density \[[@CR59]\]. It might be possible to obtain enough micro-CT data to compare bone of young Black and White women at equally marginal levels of 25(OH)D and calcium restriction. The margins for vitamin D and calcium for such a comparison are likely to be serum 25(OH)D below 25 nmol/L, and a dietary calcium intake below 500 mg/day \[[@CR19], [@CR60]\]. In this modern era, with readily available sources of both vitamin D and calcium nutrition for all who live in the north, the compromises of past millennia are less evident in terms of rickets or pelvic disproportion. However, although nutritional osteomalacia has been presumed to be rare in modern society \[[@CR19], [@CR60]\], this may be due to the inability to detect it. The biopsy data from the German population, as published by Priemel et al., imply that osteomalacia at the pelvis is disconcertingly common in people with 25(OH)D below 75 nmol/L \[[@CR50]\].

Conclusion {#Sec6}
==========

A sense as to why differences exist between the bones of Blacks and Whites may help in developing better research questions. The arguments presented here are an attempt to explain why the osteoporosis-related vitamin D paradox exists. I have tried to approach the problem from the perspective of anthropology and natural selection. Since anthropology is an empirical science, it is not readily amenable to the experimental and clinical methodologies generally expected in medicine. Research to test the present pelvic hypothesis to account for the vitamin D paradox could involve bioengineering analysis of pelvic bone, with adjustments for effects of rickets and osteomalacia. Emerging micro-CT technology could be used to compare matrix mineral density between young Black and White women matched for serum 25(OH)D and dietary calcium intake. Lastly the search for genetic insights could focus on variants selected to construct less bone matrix or to make the pelvis mineralize more quickly.

Based on the evidence presented here, the hypothesis is that Whites are more prone to osteoporosis later in life, because of the compromise during growth early in life, to accommodate for diminished amounts of calcium absorbed via the gut. The female pelvis is by far the most important part of the skeleton in terms of "fitness" for producing offspring. In terms of natural selection, the suitability of the pelvis for a vaginal birth took priority over the health of all other bones---to the point of increasing the eventual risk of osteoporosis. Just as skin color adapted to become whiter than that of the parent, Black population in Africa, bone and mineral metabolism also adapted with less total amount of bone, and faster mineralization of osteoid. In the face of less sunshine-derived vitamin D, these metabolic adaptations made more efficient use of the diminished calcium absorbed from the diet, by making pelvic bone stiffer and less susceptible to deformation, thereby making Whites are more "fit" for non-tropical environments. But the cost of that fitness to reproduce was weaker bone later in life and greater risk of osteoporosis.
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